The observed higher net hole concentration is thought to be the cause of the increase V oc and FF [6] . Similarly to Na, Laemmle et al. [7] demonstrated increases in V oc , FF, and net carrier concentration after the postdeposition treatment (PDT) of CIGS by KF on alkali-free substrates. More recently, Chirila et al. [2] demonstrated a high efficiency (20.4%) CIGS solar cell on a polyimide substrate by applying sequential NaF and KF PDT. They reported that the use of KF after the deposition causes surface modification, allowing higher Cd Cu formation during CdS chemical bath deposition, and a thinner CdS layer to be used without compromising device performance. The widening of the surface bandgap potentially because of a Cu and Ga depleted surface in NaF/KF PDT CIGS solar cells has been proposed to be the cause of the observed improvement in the efficiency of those devices [8] .
In this paper, we describe a suite of in situ and ex situ measurements used to observe the modification of the CIGS properties in real time, to map specific defects and correlate them with microstructure.
II. EXPERIMENTS
In this study, CIGS films were grown on molybdenum-coated soda lime glass by the three-stage process [9] in a high vacuum coevaporation chamber. In order to investigate the effect of K on the CIGS absorber, two sets of experiments were performed. In the first set of experiments, reference samples without KF PDT were prepared. Note that the presence of K is expected, even in this case because of the diffusion from the glass substrate. In the second set of experiments, after CIGS deposition, the substrate temperature was first reduced to 350°C, and the CIGS films then underwent a KF PDT for 15 min while an Se flux was applied. The thickness of the KF layer was calibrated at 20 nm. The film was finally cooled to room temperature and the selenium supply was discontinued when the substrate temperature fell below 300°C. Devices were completed by depositing ∼50 nm of CdS by chemical bath deposition, followed by i-ZnO (∼50 nm), ITO (∼250 nm), and Ni/Al/Ni grids.
The samples were characterized in situ by real-time spectroscopic ellipsometry (RTSE). A rotating compensator multichannel spectroscopic ellipsometer set for an angle of incidence of 65°was used for in situ RTSE measurements. The ellipsometry data (ψ, Δ), defined by tan(ψ)exp(iΔ) = r p /r s , where r p and r s are the amplitude reflection coefficients for p and s linearly polarized light, respectively [10] , were measured for the spectral range of 0.75-6.5 eV. The ex situ measurements 2156-3381 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. included secondary ion mass spectrometry (SIMS), X-ray florescence (XRF), capacitance-based deep-level transient spectroscopy (DLTS) [11] , deep-level optical spectroscopy (DLOS) [12] , and scanning-DLTS [13] . The current densityvoltage (J-V) characteristics of the solar cell were measured under simulated AM1.5G illumination and standard test conditions (100 mW/cm 2 and 25°C). The external quantum efficiency (EQE) was measured at room temperature using chopped monochromatic light in the range of 300-1250 nm.
III. RESULTS AND DISCUSSION

A. In Situ Characterization: Real-Time Spectroscopic Ellipsometry
For the RTSE data analysis, an optical model based on a multilayer cell structure was used, as shown in Fig. 1 . First, the complex dielectric functions ε(E) = ε 1 (E) + iε 2 (E) were obtained for the (In 1−x ,Ga x ) 2 Se 3 (IGS) and CIGS film by analyzing the (ψ, Δ) spectra acquired at the end of the first stage and after the third stage, respectively, by least-square regression analysis [10] using the Levenberg-Marquardt method. For the IGS, the dielectric function was determined using one critical point parabolic band (CPPB) oscillator to represent the IGS bandgap, and one background Tauc-Lorentz oscillator. For the CIGS film, four CPPB oscillators and one background TaucLorentz oscillator along with a constant contribution ε 1,∞ to the real part of ε were used. In the analyses to determine the dielectric functions, the dielectric function parameters and thicknesses were varied until a good fit was obtained between the calculated and measured data, as quantified by root mean square error. The dielectric function for Cu 2−x Se was determined in previous experiments [14] .
Based on these dielectric functions of the components, the RTSE data were then analyzed using the model shown in Fig. 1 to determine the time evolution of bulk layer thickness (d b ), surface roughness layer thickness (d s ), and void volume fraction (f v ) [15] , [16] . Fig. 2 shows the time evolution of the bulk and surface roughness thicknesses during the deposition process. During KF PDT, d s increases, whereas d b remains relatively constant. From the analysis, a d s value of 20.5 nm with f v of 25% was obtained for CIGS prior to KF PDT and a d s value of 30.6 nm with f v of 64.3% was obtained after KF PDT. The same parameters (Ψ, Δ) that were used to extract the bulk layer and the surface roughness layer thicknesses (d b and d s ) were also used to extract the complex dielectric functions (ε 1 and ε 2 ).
Confidence in the effective medium approximation (EMA) analysis and dielectric function determinations in general have been gained through the work presented previously [17] , [18] . In this previous work, multilayer structural information including EMA layers as thick as ∼ 60 nm as deduced by spectroscopic ellipsometry (SE) has led to the simulations of EQE spectra without free parameters in close agreement with measurements. Such SE structural analyses incorporating EMAs simultaneously yield Ga compositional profiles in agreement with Auger electron spectroscopy and SIMS depth profiles. Such EMA analyses, however, involve relatively dense CIGS surfaces with f v values no greater than 50 vol.%. Fig. 3 shows the CIGS dielectric functions before and after KF PDT at 350°C, clearly demonstrating the modification of the dielectric functions above 1.5 eV, where the penetration depth is small (<300 nm) relative to the thickness. The results suggest a Ga deficiency within at least 40 nm of the surface as the E 1 (A) critical point (CP) energy at 2.94 eV is red shifted upon KF PDT. This can be seen most clearly by the 0.2 eV red shift in the E 1 (A) CP peak in ε 1 , which would suggest a Ga reduction by Δx = 0.15-0.20 based on previous work [17] . The E 1 (A) CP is identified as a direct dipolar transition associated with the N point (π/a)(110) in the band structure of CIGS [19] . The suggestion of a Ga deficiency is consistent with the previous observation [2] .The CP energy may also be affected by film structure and voids since the deduced void content in the roughness layer is high, and voids may also extend into the bulk layer. The higher CP energies were not evaluated for the Ga deficiency because these would be even more strongly affected by a near-surface density deficiency and associated EMA limitations [17] .
Additional modification of the optical model will be necessary in the future to allow a more accurate distinction between these two samples. This may be done by adding an additional Ga deficient and density deficient surface layer in the model for the KF PDT sample given that the Ga profile is very complicated for this sample. 
B. Ex Situ Characterization
In order to study further the effect of KF PDT on CIGS solar cells, a suite of ex situ characterization techniques was also used, including SIMS, XRF, DLTS, DLOS, and scanning-DLTS. All samples were fabricated with the same recipe, and the compositions were verified with XRF (see Table I ).
The deep traps present in the films were studied by a combination of DLTS and DLOS measurements (see Fig. 4 ). The DLTS spectra resolved one majority carrier trap in both samples [see Fig. 4(a) [20] shows that acceptor levels at E v + 0.61 eV and E v + 0.58 eV exist for CuGaSe 2 and CuInSe 2 , respectively, and are associated with Cu (Ga,In) defects. Similar conclusions were drawn by Zhang et al. [21] suggesting that the observed defects might originate from Cu (Ga,In) antisite defects. It is important to note that, with a postdeposition KF treatment, the E v + 0.56/0.61 eV trap concentration does not change significantly indicating that the E v + 0.56/0.61 eV level is not sensitive to the KF PDT. Scanning-DLTS measurements were also performed to understand the spatial distribution of the E v + 0.56/0.61 eV trap (see Fig. 5 ). During the scanning-DLTS measurement, the surface potential transients because of trap emission were recorded at each spatial location. A 0 V fill pulse was applied to fill traps and the trap emission was measured at −2 V. Similar to DLTS, the double boxcar approach was used to provide selectivity to a specific defect (i.e., E v + 0.56 eV), where the change in surface potential Δ SP = SP(t 2 ) − SP(t 1 ) and where the times are selected to match the time constant of the trap (τ p ) of interest at the scanning-DLTS measurement temperature using
The two green lines in the topography images represent the approximate region where the depletion region modulated and where the scanning-DLTS is sensitive to traps. Comparing the topography and scanning-DLTS map, one can see that the E v + 0.56/0.61 eV trap is not uniformly distributed, but exhibits a strong trap emission in the intergrain regions.
To probe the trap states located in the upper half of the CIGS bandgap, DLOS measurement was performed. From the DLOS data, trap concentration (N T ) was calculated using the step height of the DLOS signal
where N A is the carrier concentration, ΔC is the change in capacitance because of trap emission, and C is the steady state capacitance [12] . Fig. 4(b) shows the DLOS signal with one dominant trap level for both samples. To determine precisely the energy level of the DLOS deep trap, the optical cross section was plotted as a function of energy and fitted by using the Lucovsky model [22] . From the optical cross section fitting, an activation energy of E v + 0.99(+/ − 0.03) eV was obtained for both samples. In contrast to the trap at E v + 0.56/0.61 eV, however, the concentration of this trap is different from one sample to another, with approximately 35% lower concentration for the sample with KF PDT compared with the untreated sample (2.9 × 10 14 cm −3 without KF and 1.9 × 10 14 cm −3 with KF PDT). This second trap could contribute significantly to recombination in the material, especially for higher Ga contents where it would be located toward midbandgap [20] . A previous study by Repins et al. [23] has shown the presence of a similar deep trap with an activation energy of E v + 0.94 eV in CIGS solar cells.
SIMS measurements were carried out for each type of sample, and the composition profiles are shown in Fig. 6 . One can see that the intensity of the K signal increased throughout the device for the sample with KF PDT compared with the one without. On the other hand, the Na intensity decreased throughout the device with KF PDT (even considering the possibly higher Na out diffusion from SLG during KF PDT at the substrate temperature of 350°C). This indicates that K diffuses quickly throughout the entire film thickness. An ion-exchange mechanism has been reported to be the possible cause for the substitution of Na by K [2] , [24] . Since there is no increase of Na concentration either toward the back or the front of the CIGS, it is likely that Na is removed during CdS chemical bath deposition [24] . It is important to note that for the Ga/III profile, even although the overall composition is the same for both samples (as seen by XRF), there is a slightly lower Ga/III content in the sample with no KF in the region probed by the DLTS, which might explain the lower energy for the traps observed by DLTS compared with the sample with KF PDT (0.56 eV versus 0.61 eV), as expected theoretically [21] . No statistically significant change in the Cu profile was observed between the two samples.
C. Device Results
Solar cell devices were fabricated for the CIGS samples with and without KF PDT. The J-V measurements show an improvement in the efficiency from 17.0% to 17.9% after KF PDT (see Table II ). There is an improvement in the open-circuit voltage (V oc ) and FF after KF PDT (from 0.68 to 0.70 V and 71.7% to 73.1%, respectively), in spite of the fact that the samples have similar Ga contents, similarly to what other researchers have reported. Similar improvements were observed on more than 100 samples in our lab. Moreover, no appreciable change in shortcircuit current density was observed between these samples as shown by EQE. The light J-V curves were fitted to a single diode model to extract the ideality factor (A), saturation current density (J o ), series resistance (R s ), and shunt resistance (R sh ) (see Table II ). Minor improvements in all these parameters were observed after KF PDT, which contribute to the improvement of both V oc and FF.
We carried out simulations using SCAPS to model the effect of the trap density and position. Most of the simulation parameters were taken from [3] , except the experimentally obtained doping concentration N A 5.0E + 15 cm −3 , trap level energy, and trap concentration. A double graded Ga/III profile obtained from SIMS was modeled in the simulations. Simulations were performed with identical parameters except for the (device without KF) to 1.9 × 10 14 cm −3 (device with KF PDT), which is consistent with our deep level spectroscopy and J-V measurements. 
IV. CONCLUSION
In conclusion, we have investigated the time evolution of CIGS films with KF PDT. RTSE analysis was used to monitor the deposition process and extract structural parameters, showing a clear difference in dielectric functions for the samples, which can be attributed to Ga deficiency at the surface. Clear changes in the compositional depth profile for Na and K were observed by SIMS. The combination of DLTS and DLOS revealed two traps at E v + 0.56/0.61 eV and E v + 0.99 eV, whereby the KF treated sample had a ∼35% lower concentration for the E v + 0.99 eV trap. The scanning-DLTS shows strong trap emission in the intergrain region of the CIGS films. Finally, an overall enhancement of all device parameters, except J sc , was observed for the KF PDT device, and was correlated via SCAPS to the modification of the trap density.
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